To accomplish its crucial role, mitochondria require proteins that are produced in the cytosol, delivered by cytosolic Hsp90, and translocated to its interior by the translocase outer membrane (TOM) complex. Hsp90 is a dimeric molecular chaperone and its function is modulated by its interaction with a large variety of co-chaperones expressed within the cell. An important family of co-chaperones is characterized by the presence of one TPR (tetratricopeptide repeat) domain, which binds to the C-terminal MEEVD motif of Hsp90. These include Tom70, an important component of the TOM complex. Despite a wealth of studies conducted on the relevance of Tom70⅐Hsp90 complex formation, there is a dearth of information regarding the exact molecular mode of interaction. To help fill this void, we have employed a combined experimental strategy consisting of crosslinking/mass spectrometry to investigate binding of the C-terminal Hsp90 domain to the cytosolic domain of Tom70. This approach has identified a novel region of contact between C-Hsp90 and Tom70, a finding that is confirmed by probing the corresponding peptides derived from cross-linking experiments via isothermal titration calorimetry and mitochondrial import assays. The data generated in this study are combined to input constraints for a molecular model of the Hsp90/Tom70 interaction, which has been validated by small angle x-ray scattering, hydrogen/deuterium exchange, and mass spectrometry. The resultant model suggests that only one of the MEEVD motifs within dimeric Hsp90 contacts Tom70. Collectively, our findings provide significant insight on the mechanisms by which preproteins interact with Hsp90 and are translocated via Tom70 to the mitochondria.
To accomplish its crucial role, mitochondria require proteins that are produced in the cytosol, delivered by cytosolic Hsp90, and translocated to its interior by the translocase outer membrane (TOM) complex. Hsp90 is a dimeric molecular chaperone and its function is modulated by its interaction with a large variety of co-chaperones expressed within the cell. An important family of co-chaperones is characterized by the presence of one TPR (tetratricopeptide repeat) domain, which binds to the C-terminal MEEVD motif of Hsp90. These include Tom70, an important component of the TOM complex. Despite a wealth of studies conducted on the relevance of Tom70⅐Hsp90 complex formation, there is a dearth of information regarding the exact molecular mode of interaction. To help fill this void, we have employed a combined experimental strategy consisting of crosslinking/mass spectrometry to investigate binding of the C-terminal Hsp90 domain to the cytosolic domain of Tom70. This approach has identified a novel region of contact between C-Hsp90 and Tom70, a finding that is confirmed by probing the corresponding peptides derived from cross-linking experiments via isothermal titration calorimetry and mitochondrial import assays. The data generated in this study are combined to input constraints for a molecular model of the Hsp90/Tom70 interaction, which has been validated by small angle x-ray scattering, hydrogen/deuterium exchange, and mass spectrometry. The resultant model suggests that only one of the MEEVD motifs within dimeric Hsp90 contacts Tom70. Collectively, our findings provide significant insight on the mechanisms by which preproteins interact with Hsp90 and are translocated via Tom70 to the mitochondria.
The mitochondrion is involved in a number of critical cellular processes including metabolism and iron homeostasis. This organelle requires different proteins to accomplish its crucial role within the cell, most of which are produced in the cytosol and must be translocated to the mitochondrial interior to fulfill their functions (1) . One major translocation pathway involves the heat shock protein 90 kDa (Hsp90) that binds and delivers unfolded proteins (preproteins) to the translocase of the outer mitochondrial membrane (TOM) 4 complex (2). Hsp90 is a ubiquitous and essential molecular chaperone required for the folding and activation of a broad array of protein substrates (i.e. clients) in eukaryotes. The chaperone functions as a homodimer via high-affinity dimerization of the C-terminal domain (3) (4) (5) (6) . Hsp90 modulates complex physiological and pathophysiological processes such as development and differentiation, acts as a capacitor of phenotypic evolution, and assumes an important role in a number of diseases including cancer and neurodegeneration. Given its critical physiological role, Hsp90 is one of the most abundant proteins in the cytosol of eukaryotes and is responsible for activation of ϳ10% of the yeast proteome. Hsp90 consists of two polypeptide chains, each monomer comprised of three domains designated as N, M, and C. The N-terminal domain contains a nucleotide binding site and is connected via a charged linker region to the M-domain, which is critical to substrate binding. The C-terminal domain (residues 566 -732 in the human ␣-isoform) includes a dimerization interface comprised of residues 652-671, and encompasses the MEEVD motif (residues 728 -732), which is recognized as a TPR co-chaperone interaction site (7-9) as described below.
The TOM complex possesses two membrane import receptors, designated as Tom20 and Tom70. The latter is an Hsp90 co-chaperone that associates to form a high affinity complex with a monomer:dimer stoichiometry (10) . Tom70 contains at least seven tetratricopeptide repeat (TPR) domains in its cyto-solic segment (2, 11) . The TPR structure is characterized by the presence of 34-amino acid repeats forming two anti-parallel ␣-helices separated by a turn, and a triad (TPR clamp domain) has the ability to bind the Hsp90 C-terminal MEEVD motif (7) (8) (9) . Thus, the TPR clamp domain of Tom70 serves as a docking site for the Hsp70/Hsp90 C-terminal EEVD motifs and consequently forms the multichaperone complexes that constrain a preprotein substrate, which is subsequently transferred to the preprotein-binding site on Tom70 (2, 11) . Despite a wealth of studies conducted on the relevance of Tom70⅐Hsp90 complex formation and its overall role in protein translocation, there is a dearth of information regarding the exact molecular mode of Tom70/Hsp90 interactions. The availability of such information would certainly assist ongoing attempts to elucidate the mechanism by which preproteins are translocated to the mitochondria via the TOM pathway.
In an effort to address this void, we have pursued an experimental strategy that combines chemical cross-linking and mass spectrometry to characterize interactions between the C-terminal domain of human Hsp90 and the cytosolic domain of human Tom70. This multiparametric approach has identified a new contact region within the Hsp90⅐Tom70 complex, an observation corroborated via isothermal titration calorimetry (ITC) and mitochondrial import assays. The conformational arrangement of this model has been probed by small angle x-ray scattering, hydrogen/deuterium exchange, and mass spectrometry. Our findings in conjunction with published reports on the Hsp90⅐Tom70 high affinity complex allow us to rationalize a model of chaperone/co-chaperone interactions that may ultimately shed significant insight on the mechanism of preprotein delivery from Hsp90 to Tom70.
Results and Discussion

Chemical Cross-linking and Mass Spectrometry Identify a Novel Region of Hsp90/Tom70 Interaction Confirmed by Isothermal Titration Calorimetry and Mitochondrial Import
Assays-To create a reliable model of the C-Hsp90⅐Tom70 complex, both the isolated (Tom70, Fig. 1A , and C-Hsp90, Fig.  1B ) and associated (C-Hsp90/Tom70, Fig. 1C ) proteins have been subjected to chemical cross-linking studies. XL-MS data provide distance information by identifying lysine and serine residues that are proximate to each other and have been covalently bound via a bifunctional cross-linking reagent. Because cross-linker molecules impose distance constraints (i.e. 30.0 Å for disuccinimidyl suberate (DSS) cross-linker (C␣ distance)) on the corresponding proximal lysine residues, the latter allows us to obtain information on both protein tertiary and quaternary structures. The distance constraints explicitly consider DSS spacer length (ϳ11.4 Å), the length of two lysine side chains (ϳ5.5 Å), and the conformational flexibility of crosslinker and protein. The cross-linked patterns for isolated Tom70 (Fig. 1A) , isolated C-Hsp90 (Fig. 1B) and associated C-Hsp90⅐Tom70 (Fig. 1C) are presented.
The chemical cross-linking experiments yield important information on the binding interface between C-Hsp90 and Tom70. The resultant data provide evidence for a novel region of interaction (Fig. 1C) apart from that involving the MEEVD motif in C-Hsp90 (12) . Specifically, the C-Hsp90 segment spanning Lys-654 to Lys-660 is positioned proximal to several distinct regions in Tom70 extending from Lys-199 to Lys-203, Lys-233, and Lys-319 (Fig. 1C) . Significantly, the Lys-233 residue in human Tom70 is located within the A7 helix, which is conserved among Tom70 and related Tom71 receptor proteins (Fig. 1D ) and has been suggested to act as a hinge between the N-and C-terminal domains. This region undergoes a 20°rota-tion upon binding of the C-terminal Hsp90 MEEVD motif to specific residues in Tom70 spanning the A1 to A5 helices. As a result, helix A7 mediates conformational changes that propagate through the Tom70 C-terminal domain (12, 13) , thereby facilitating preprotein binding. In an effort to corroborate our findings, we synthesized a peptide corresponding to the A7-helix region in Tom70 (i.e. residues 226 -244), encompassing the sequence LLADKVLKLLGKEKAKEKY (as underlined in Fig.  1D ) to probe specific interactions with C-Hsp90 via ITC analysis.
To characterize the novel interaction sites within the C-Hsp90⅐Tom70 complex, we conducted ITC experiments employing purified peptides corresponding to the region(s) of interest. Our conventional experimental strategy consisted of titrating the purified peptide into intact protein. Considering the small binding interface of these peptide/protein interactions, the resultant reaction heats and corresponding affinities precluded measurement via conventional ITC methodology. In situations where the binding affinities and/or enthalpies are experimentally inaccessible, alternative ITC protocols have been proposed (14) as a means to acquire the requisite thermodynamic binding parameters. Displacement ITC methods involve titration of a higher affinity ligand into the weaker ligand-bound receptor complex yielding an apparent association constant (K app ). In a separate control experiment, one measures the higher affinity binding constant (i.e. K A ) in the absence of competitor to determine the low affinity ligand association constant (i.e. K B ) as described below.
In this study, we characterized the energetics associated with C-Hsp90⅐Tom70 complex formation in the absence and presence of excess peptide. The ITC profile monitoring titration of Tom70 into C-Hsp90 ( Fig. 2A) corroborates the results of previous studies (10) in that complex formation proceeds with a moderately high affinity (K A ϭ 2.0 ϫ 10 6 M Ϫ1 ; K d ϳ 400 nM) and is driven by both a favorable enthalpy and entropy. A representative displacement ITC profile ( Organelle experiments monitor the effects of Hsp90/Tom70 competitors on the import of polypeptides into mitochondria and thereby provide us with a complementary approach to validate the new region identified via cross-linking studies. We applied this technique by investigating the import of radiolabeled cell-free translated proteins into mitochondria in the absence and presence of peptides. Phosphate carrier (PiC) and Rieske iron-sulfur protein (ISP) are radiolabeled by cell-free translation and their import into isolated HeLa cell mitochondria is monitored by cleavage of their presequences and protection from externally added Proteinase K. The import of PiC to the inner membrane is dependent on Hsp90 and Tom70, whereas that of ISP to the intermembrane space is independent of chaperones and relies on the Tom20 receptor (2) . Although the cleaved and protease-protected mature forms are clearly visible in untreated control reactions, reduced levels are observed in reactions treated with valinomycin, which destroys the membrane potential essential for import (Fig. 3A) . As reported previously (2), the addition of C-Hsp90 competes with full-length Hsp90 and inhibits the import of Tom70-dependent PiC to ϳ40%, albeit exerting minimal impact on ISP (Fig. 3A) . Interestingly, a peptide containing the Hsp90 MEEVD motif and Tom70-LLADKVLKLLGKEKAKEKY peptide (see Fig. 1 ) both exhibit a marginal impact on ISP yet impair PiC import to 57 and 65%, respectively. The lower efficiency of the peptide as a competitor is consistent with the absence of stable folded structures, thereby requiring higher concentrations relative to C-Hsp90 or Tom70. Thus, the A7 helix in Tom70 normally interacts in a folded state with C-Hsp90. Our data nevertheless, confirm that the MEEVD motif in Hsp90 is important for the interaction with Tom70 (2). Furthermore, the data reveal that this newly identified contact between Tom70 (i.e. LLADKV-LKLLGKEKAKEKY) and the internal region of C-Hsp90 is of comparable functional importance. To further corroborate these results, we explored its impact on import of the Hsp90-TLRQKAEADKNDKSVKDLVILLY peptide (residues 645-667; Fig. 1C ), representing the interaction site for the Tom70 peptide.
In addition to PiC, we tested another Tom70-dependent inner membrane protein, adenine nucleotide transporter (ANT), which contains no cleaved presequence but is protected from externally added proteinase K (16) (Fig. 3B) . A scrambled peptide of Hsp90 residues 645-667, DNKDTALAEKLKLY-VKRDQLIVS, was used as a negative control, and has a nonspecific effect on PiC and ANT import (Fig. 3B) . Addition of C-Hsp90 impairs the import of ANT as well as PiC below that with scrambled peptide, although addition of the Hsp90 peptide containing the MEEVD motif had a weaker effect on ANT (Fig. 3B) . The Hsp90-TLRQKAEADKNDKSVKDLVILLY internal peptide inhibits import of PiC and ANT to 55 and 53%, respectively. Because the Hsp90 peptides described above represent two separate contacts with Tom70, one might reason that a combination of both peptides should exhibit a greater FIGURE 1. Cross-linked patterns for isolated Tom70 (A), isolated C-Hsp90 (B), and associated C-Hsp90/Tom70 (C). Amino acid sequence of human Hsp90 (residues 566 -732) and human Tom70 (residues 11-680) includes N-terminal tags designed for purification purposes. C, a region in C-Hsp90, from Lys-654 to Lys-660 that was in close proximity to three different regions in Tom70: from Lys-199 to Lys-203, Lys-233, and Lys-319. D, amino acid sequence of the A7 helix of human Tom70. The Lys-233 residue of human Tom70 is located in the A7 helix, which is well conserved among Tom70 and Tom71 and has been previously reported as a potential site of interaction (12 Hsp90/Tom70 Interaction SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36 inhibitory effect than either peptide alone. Indeed, addition of both peptides impairs PiC import to 36%, a value that is significantly lower than those measured for the individual peptides and comparable with the level observed for C-Hsp90 itself (Fig.  3B, right) . Similar results are obtained for ANT, with the combined peptides more effective than C-Hsp90 alone at blocking import. These findings are consistent with an internal Hsp90-Tom70 contact consisting of peptide regions comprising the interface on both sides. Specifically, Tom70-LLADKVLKLLG-KEKAKEKY and Hsp90-TLRQKAEADKNDKSVKDLVILLY compete for the functional interaction at comparable levels. Moreover, the internal contact functions in parallel and of similar importance to the Hsp90 MEEVD motif interaction with the Tom70 TPR clamp domain. We further note that Hsp70 is present in these reactions and may act in Tom70-dependent import by also binding to the TPR clamp domain, but is therefore competed from Tom70 by C-Hsp90 and the MEEVD peptide (2). The internal Hsp90-Tom70 contact is specific to Hsp90, however, the notable block in import by the Hsp90-TLRQKAEADKNDKSVKDLVILLY peptide suggests that it may also affect the Hsp70/Tom70 interaction, most likely by sterically displacing Hsp70 from Tom70. Collectively, these results confirm the existence of additional interactions between C-Hsp90 and Tom70 that complement the MEEVD motif.
On the Conformation of the Hsp90⅐Tom70 Complex-Our identification and confirmation of a novel binding region necessitates integration of chemical cross-linking, mass spectrometry, and combinatorial modeling to dissect the subunit arrangement of the Hsp90⅐Tom70 complex. Thus, to improve our understanding of the interaction mechanisms between Hsp90 and Tom70 within the complex, we generated a model based on our findings combined with the results of published studies. Our experimental strategy explicitly incorporates: 1) the successful isolation and purification of both the C-terminal 4 -8) . ANT has no cleaved presequence and only its protease-protected mature form is observed. Right, import was quantified as described above. The standard deviations from the mean of n Ն 3 are designated by error bars, and t test p values (*, p Ͻ 0.05, ***, p Ͻ 0.001) indicate significant differences relative to the scrambled peptide control.
portion of human Hsp90 (residues 566 -732) and the cytosolic fraction of human Tom70 (residues 111-608) in their native folded conformations (10); 2) the interaction stoichiometry revealing that one Hsp90 dimer binds a Tom70 monomer, forming a tight complex (10); 3) availability of the human Hsp90 crystal structure (residues 293-698, PDB number 3Q6N); and, 4) the crystal structure of yeast Tom71 (residues 107-639) complexed with the yeast Hsp82 C-terminal fragment MEEVD (PDB number 3FP2).
Our objective of elucidating an interaction model for the Hsp90⅐Tom70 complex represents a multistep process. As an initial attempt, we consider the crystal structure of yeast Tom71 (residues 107-639, PDB number 3FP2), which is 25% identical to human Tom70, in conjunction with the cross-linking results of human Tom70 (residues 111-680; shown in Fig.  1A) to construct a structural model of the latter (Fig. 4A) . The resultant models generated for human Tom70 (Fig. 4A ) and C-Hsp90 (Fig. 5A ) satisfy the chemical cross-linking data shown in Fig. 1, A and B , respectively. As additional support, isolated Tom70 (Fig. 4, B-D) and isolated C-Hsp90 (Fig. 5 , B-D) have been analyzed by small angle x-ray scattering (SAXS). A calculated envelope for the cytosolic domain of Tom70, using DAMMIN software, reveals excellent agreement with the monomeric form and exhibits a high complementarity when superimposed on the three-dimensional envelope model (Fig. 4D) . The same high complementarity was seen for the three-dimensional envelope model of C-Hsp90 (Fig. 5D) . Additionally, Kratky plots (insets in Figs. 4C and 5C ) strongly suggested compacted shapes (as expected from their bell-like shape), whereas absence of aggregation was verified by the Guinier approximation (supplemental Fig. S1 ). Significantly, SAXS experiments validate the conformational models developed from cross-linking assays.
In a subsequent step, we used the results from chemical cross-linking experiments to obtain information on the binding interface between C-Hsp90 and Tom70 as described above and depicted in Fig. 1C . We constructed an interaction model by combining these results with the crystallographic structure of human Hsp90 (residues 293-732, structure solved only up to 698) (PDB number 3Q6N). Information on the DSS crosslinked peptides of both Tom70 and C-Hsp90 have been employed to investigate the potential interaction interface of the C-Hsp90⅐Tom70 complex. The resultant distance constraints guided selection of the most likely subunit arrangement by molecular modeling.
The final model (Fig. 6A) is created by invoking the following constraints. 1) Intra-chain Lys cross-links that are in reasonable agreement with those derived from the crystal structure (this study, Fig. 1C ). 2) Inter-chain cross-links between C-Hsp90 and Tom70 (this study).
3) The MEEVD of C-Hsp90 positioned at the TPR domain using the structure of yeast Tom71 (PDB code 3FP2) as a model. 4) Modeling of the last residues of one monomer of C-Hsp90 in such a manner that it ends at the MEEVD in the TPR domain of Tom70 (this study). The peptide size allowed to establish such a link without breaking any of the above constraints, and, 5) modeling of the last residues in the second monomer of C-Hsp90 allowing for free contacts (this study). In this model, both C-Hsp90 monomers contact Tom70 (Fig. 6A) . Fig. 1A .
B, experimental scattering curve (open circles) and fitting (red line). C, p(r) from GNOM software and Krakty (q 2 ϫ I(q)) plot (inset)
. D, SAXS molecular envelope for human Tom70 superposed on the three-dimensional structure derived from molecular modeling using the yeast Tom71 structure as template. See also supplemental Video S1. SEPTEMBER 2, 2016 • VOLUME 291 • NUMBER 36
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To support the final interaction model, we analyzed the C-Hsp90⅐Tom70 complex by SAXS as illustrated in Fig. 6 , B-D. Remarkably, the SAXS envelope of the C-Hsp90⅐Tom70 complex presented intrinsic characteristics of Tom70 due to its elongated shape, but with a higher volume near its central region where the dimer of C-Hsp90 is bound (Fig. 6D) . Additionally, the Kratky plot (inset in Fig. 6C ) strongly suggested a compacted shape (as expected from its bell-like shape), whereas the absence of aggregation was verified by the Guinier approximation (data not shown). In conclusion, our proposed CHsp90/Tom70 interaction model fits properly when superimposed on the envelope obtained by SAXS (Fig. 6C) , thereby corroborating both the LC/MS-MS and molecular modeling experiments.
Hydrogen/Deuterium Exchange: Insights on the Conformational Changes Accompanying the Interaction of C-Hsp90 and
Tom70 -HDX-MS experiments have been employed successfully in multiple studies to assess protein dynamics (17) (18) (19) and applied in this study to provide information regarding intermolecular dynamics of the dimeric C-Hsp90 when complexed with Tom70. We designed an initial set of experiments to measure the incorporation of deuterium in isolated Tom70 and C-Hsp90 and associated Tom70-MEEVD peptide, Tom70-Scrambled peptide, and Tom70-C-Hsp90. We performed HDX analysis by diluting isolated and associated proteins 15-fold in deuterium solution at different time intervals (10 s to 2 h) and comparing their profile with those of the digestion of undeuterated protein with pepsin under identical conditions. For isolated C-Hsp90, the digestion of the nondeuterated protein identified 47 peptides representing 90% coverage of the sequence (supplemental Fig. S2 ). Regions in the dimer interface are protected from exchange, displaying less than 30% deuterium incorporation following 2 h (data not shown). These HDX data are consistent with the crystallographic structure of the chaperone (PDB code 3Q6N).
For isolated Tom70, the digestion of the nondeuterated protein identified 84 peptides representing 84% coverage of the sequence (data not shown). Deuterium incorporation was about 80% in loop regions and from 20 to 60% in ␣-helical regions (data not shown), as expected from the proposed model for this protein (Fig. 3A) . Then, the effect caused by the MEEVD peptide, as compared with its scrambled version, used as a control, was investigated. As expected, the MEEVD peptide affected deuterium incorporation but not its scrambled peptide (Fig. 7, A and B) . When considering a level of significance as Ϯ0.5 Da (see Ref. 19 ), the MEEVD peptide impacted a region similar to that of the interaction in the crystal structure of yeast Tom71 (residues 107-639) complexed with the yeast Hsp82 
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C-terminal fragment MEEVD (PDB number 3FP2) (Fig. 7, A  and B) . The regions in Tom70 impacted by the MEEVD peptide are those between 113 and 124 (but has a significant effect on 113-133 but not on 125-133), 163-179, and 190 -207 (Fig. 7A) .
Our subsequent exchange studies evaluated C-Hsp90 deuterium labeling in the presence of Tom70 to identify differences in dynamic conformations of the chaperone within the complex. Peptides at the dimerization interface are not influenced by Tom70 interactions as noted in previous studies (10) . Significantly, only 5 regions of C-Hsp90 are impacted by the interaction with Tom70 (Fig. 7C) as evidenced by the differential deuterium uptake of free versus Tom70-bound C-Hsp90. The strongest effect is that of the peptide TLRQKAEADKNDKS-VKDL (residues 645-662), which exhibits a nearly 4 Da reduced mass upon Tom70 binding relative to the free protein (Fig. 7C) , indicating that amide hydrogens at this peptide are protected from deuterium incorporation. Remarkably, this region overlaps with that identified by DSS chemical cross-linking (Fig. 1C) leading to our proposal that it corresponds to an Hsp90 interaction site for Tom70. This region corresponds to the 624 -641 segment in yeast Hsp90, which is part of the peptide-(606 -645) that is protected by binding of both TPR co-chaperones Cpr6 and Sti1 (21) . Thus, we suggest that this may represent an important region of Hsp90 for interaction with TPR co-chaperones in general. C-Hsp90 has also a significant impact on the deuterium profile of Tom70 (Fig. 7A) . First, C-Hsp90 has a much larger effect on the regions protected by the MEEVD peptide. Second, C-Hsp90 protected other regions not protected by the MEEVD peptide, reinforcing our conclusion that an additional region, or even regions of interaction, was found by our work. Accordingly, the interaction of CHsp90 protected the regions containing lysines 199, 203, 233, and 319 (see Fig. 7A ) identified as being cross-linked to region 654 -660 of C-Hsp90 (see Fig. 1C ) that we claim as a second site of interaction in C-Hsp90 for Tom70. These findings also reinforce the participation of Tom70 helix A7 (Fig. 1D) in the interaction with Hsp90.
As concluded here for Tom70, other co-chaperones also have secondary binding sites on Hsp90 (22) . Chen and co-workers (23) used mutagenesis to study TPR-containing proteins Hop, Cyp40, FKBP52, and FKBP51 with Hsp90 mutants. Their work indicates that Hop, another TPR co-chaperone that primarily binds to the MEEVD motif, has a secondary interaction with the N-terminal nucleotide-binding domain of Hsp90. Additionally, Hop binds poorly to either Hsp90 mutants deleted of the first 113 residues or with an internal deletion from 381 to 441 residues. On the other hand, FKBP51, an immunophilin protein with PPIase and co-chaperone activities, binds poorly to the Hsp90 T541I single mutant and Hsp90 mutants deleted from residues 548 -567 and 601-620 (23) . Another study, also using deleted mutants, showed that, besides binding to the MEEVD motif, Hop also binds to the middle domain of Hsp90 (24) . Aha1, a co-chaperone that stimulates the ATPase activity of Hsp90, associates with both the Nand C-terminal domains of Hsp90 (25, 26) . The co-chaperone p23/Sba1, which inhibits the ATPase activity of Hsp90, binds mainly to the N-terminal but also has binding sites into the middle domain of Hsp90. The crystal structure of yeast Sba1 bound to Hsp90 in the presence of the nonhydrolyzable ATP analogue AMPPNP (27) showed that Hsp90 residues involved with binding are 12-27, 94 -125, 151-155, and 376 -386.
The conformational arrangement of C-Hsp90 complexed with Tom70 derived from the experimental results presented in this study is summarized in Fig. 7D and in a series of videos (supplemental Videos S1-S5), which provides a three-dimensional perspective whereby it is possible to verify the position of C-Hsp90 relative to Tom70 once specific constraints are applied. Furthermore, our structural model advances our understanding of how the protein client is arranged from C-Hsp90 to the cytosolic domain of Tom70. Previous studies (12, 28) have accumulated evidence that a pocket in the C-terminal domain of Tom70 is dedicated to binding of the preprotein. Fig. 7E (also in supplemental Video S5) presents a model for the C-Hsp90⅐Tom70 complex developed from our results in which the residues suggested to comprise the pocket are highlighted in red. Although this model is based exclusively on the Hsp90 C-terminal domain, it is evident that a client protein bound to Hsp90 can reach the Tom70 pocket. Moreover, it is entirely plausible that the full-length Hsp90 can bend toward the pocket region to facilitate delivery of the client protein.
Finally, the model suggests that one of the MEEVD motifs within dimeric Hsp90 remains free and is conceivably available for other potential interactions.
Concluding Remarks-The interaction between Tom70 and Hsp90 has been investigated by a combined chemical crosslinking/mass spectrometry strategy to identify a novel contact region in the resultant complex. The binding interface has been probed by isothermal titration calorimetry and mitochondrial import assays. Hydrogen/deuterium exchange experiments reveal the site of interaction between C-Hsp90 (corresponding to TLRQKAEADKNDKSVKDLVILLY) and Tom70 is considerably distant from that of the MEEVD motif. These two noncontiguous regions of Hsp90 bind distinct residues within Tom70 and conceivably cooperate in enhancing overall complex affinity. A conformational model of interaction between C-Hsp90 and Tom70 is proposed on the basis of cross-linking and molecular modeling experiments that superimposes neatly on an envelope three-dimensional model generated via SAXS. Our findings elucidate a mode of binding that provides insight into a possible mechanism of preprotein delivery from Hsp90 to Tom70. Collectively, our results complement published studies Fig. 1C ; 2) the interaction stoichiometry revealing that one Hsp90 dimer binds a Tom70 monomer, forming a tight complex (10); 3) availability of the human Hsp90 crystal structure (residues 293-698, PDB number 3Q6N); 4) the crystal structure of yeast Tom71 (residues 107-639) complexed with the yeast Hsp82 C-terminal fragment MEEVD (PDB number 3FP2); and 5) the hydrogen/deuterium exchange results from this work. See also supplemental Video S4. E, C-Hsp90/Tom70/ preprotein model, the C-Hsp90/Tom70 model as described in D. Residues that appear in red are conserved among Tom70 and Tom71 and participate in the pocket dedicated to binding of the preprotein. The green ribbon simulates a preprotein bound to C-Hsp90 that would be available to bind within the Tom70 pocket in this model. See also supplemental Video S5.
and suggest that in addition to the C-terminal MEEVD motif, a second region identified in Hsp90 is integral for the interaction with TPR co-chaperone proteins.
Experimental Procedures
Protein Purification and Folding Characterization-The purification and folding characterization of the Hsp90 C-terminal domain (i.e. C-Hsp90, residues 566 -732 of Hsp90 AA1-1 or Hsp90-␣2), which adopts a dimeric conformation, and the cytosolic portion of Tom70 (residues 111 to 608), which is a monomer, were performed as reported previously (10, 29) . Peptides were obtained commercially and further purified to avoid the presence of contaminants.
Chemical Cross-linking Coupled to Mass Spectrometry (XL-MS)-Cross-linking reactions were performed as described previously (30, 31) . Briefly, protein preparations in isolated or complex forms were incubated in 20 mM Hepes (pH 7.5) with DSS in a 1:50 ratio (complex:DSS) for 2 h at room temperature and the cross-linking reaction was quenched with 100 mM ammonium bicarbonate (pH 8.0). Reduction and alkylation of cysteine residues were perfomed using dithiothreitol (DTT) and iodoacetamide for 30 min at 60°C and room temperature, respectively. Each sample was digested by trypsin at 37°C overnight generating peptides that were analyzed by Q-EXACTIVE (Thermo Fisher Scientific) and SYNAPT G1-HDMS (Waters Corporation) mass spectrometers (32) .
Q-Exactive Analysis-Peptides were separated on a nano-LC system (Easy-nLC 1000, Thermo Fisher Scientific) operating in a reverse-phase mode at a flow rate of 300 nl/min using the following mobile phase gradient: 5 to 35% B (50 min), 35-70% B (2 min), and 70% B (8 min). Nano-LC solvents were A (5% CAN and 0.1% formic acid in water) and B (95% CAN and 0.1% formic acid in water). The system was connected to a nano-ESI source coupled to Q-Exactive mass spectrometer (Thermo Fisher Scientific). Mass spectrometry data were acquired continuously over the whole gradient. Each MS scan was acquired in the orbitrap over a mass range of m/z 400 -1800 at a resolution of 70,000 (m/z 400), and followed by the 10 data-dependent acquisition mode controlled by XCalibur 2.0 software (Thermo Fisher Scientific). The 10 most intense signals in the mass spectrum were selected for collision-induced dissociation and fragments were detected by Orbitrap at a resolution of 35,000 (m/z 400). Cross-linked peptides were identified using the SIM-XL (33) software program followed by manual validation.
Synapt G1-S HDMS Analysis-Peptides were separated on a nano-LC system (nanoACQUITY UPLC, Waters Co.) operating in a reverse-phase mode at a flow rate of 800 nl/min using the following mobile phase gradient: 3 to 30% B (40 min), 35-70% B (2 min), and 70% B (8 min). Nano-LC solvents were A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). The system was connected to a nano-ESI source coupled to a SYNAPT G1-S HDMS mass spectrometer (Waters Corp). MS data were acquired continuously during the whole gradient and each scan was acquired over a mass range of m/z 200 -2000, followed by data-dependent acquisition mode and controlled by Masslynx V4.1 software (Waters Co.). The three most intense signals in the mass spectrum were selected for collisioninduced dissociation and fragments were detected by time of flight. Cross-linked peptides were identified using the SIM-XL (33) software program followed by manual validation.
Isothermal Titration Calorimetry-Calorimetric binding experiments were performed using a MicroCal VP-ITC instrument (GE Healthcare). Thirty successive 10-l aliquots of 100 M human Tom70 monomer were injected into a sample compartment containing 10 M C-Hsp90 dimer in the absence or presence of 200 M peptide. All ITC data were acquired in a buffer system comprised of 20 mM Tris and 150 mM NaCl (pH 8.0) at 20°C. Control experiments consisted of titrating Tom70 monomer into the buffer as a means of correcting for dilution artifacts. The enthalpy accompanying each injection was calculated by integrating the resultant exotherm, which corresponds to the change of power as a function of time. ITC data were analyzed via the MicroCal Origin software program employing a single site binding model and nonlinear least squares analysis of ⌬H, K, and n to derive the requisite thermodynamic binding parameters.
Mitochondrial Import-Bovine phosphate carrier (PiC) and Neurospora crassa Rieske ISP in pGEM3, and murine adenine nucleotide transporter (ANT2) in pGEM4Z were as described previously (2, 16) . The import of radiolabeled cellfree translated proteins into mitochondria was performed as described (34, 35) . Briefly, HeLa cells were lysed by passage through a 27-gauge needle. Mitochondria were recovered from the postnuclear supernatant by centrifugation at 12,000 ϫ g for 5 min and resuspended in a buffer containing 20 mM Hepes-KOH, 250 mM sucrose, 80 mM KOAc, 5 mM MgOAc 2 , 10 mM succinate, 2 mM ADP, and 2 mM DTT (pH 7.5). Cell-free translations of mitochondrial proteins were performed with the TNT-coupled reticulocyte lysate system using SP6 polymerase (Promega) supplemented with [ 35 S]methionine (PerkinElmer Life Sciences), and then terminated with 1 mM methionine and adjusted to 250 mM sucrose. Import reactions contained 25% reticulocyte lysate and 1 mg/ml of mitochondria at 30°C for 40 to 60 min. Mitochondria were re-isolated and digested with 250 g/ml of Proteinase K at 4°C for 10 min, followed by 1 mM phenylmethylsulfonyl fluoride to terminate digestion. Samples were analyzed by SDS-PAGE and PhosphorImager quantitation.
HDX-MS-Proteins were Tom70 and C-Hsp90. Peptides were MEEVD (GYSRMEEVD, in which Y was added to facilitate concentration measurements) and its scramble (GERS-DEMVY). Complexes, in which the final concentration of Tom70 was 38 M, were Tom70⅐C-Hsp90 (1:10), Tom70⅐ MEEVD (1:10), and Tom70⅐SCRAMBLE (1:10), were prepared in buffer comprised of 20 mM phosphate and 150 mM NaCl (pH 7.5) and incubated overnight. Hydrogen-deuterium exchange was initiated by a 15-fold dilution of protein or complex in 50 mM phosphate buffer and 150 mM NaCl (pD 7.5) in D 2 O at room temperature. Following dilution, the samples were incubated at increasing time intervals (0 s as control and 10 s to 120 min for deuterated experiments). At each time point, the exchange reaction was quenched by adjusting the pH to 2.5 with an equal volume of quench buffer (800 mM guanidine chloride, 0.8% formic acid, 20 mM DTT, pH 2.5). Quenched samples were immediately injected into a nanoACQUITY UPLC Sys-tem with HDX Technology coupled to SYNAPT G1-S HDMS (Waters Co.) employing electrospray ionization and lock-mass correction (using phosphoric acid). The online digestion was performed via an immobilized pepsin column, 2.0 ϫ 30 mm (Applied Biosystems, USA) for 3 min in H 2 O at a flow rate of 40 l/min. The digestion was incubated at 15°C inside the temperature-controlled digestion column compartment of the HDX manager. Peptides were trapped and desalted online using an ACQUITY UPLC BEH C18 1.7-m VanGuard Precolumn (Waters Corp.) at 0°C. Trapped peptides were eluted into an ACQUITY UPLC BEH C18 1.7 m, 1 mm ϫ 100-mm column (Waters Co.) equilibrated at 0°C. Peptides were separated with a 10-min linear acetonitrile gradient (10 -40%) containing 0.1% formic acid at a flow rate of 40 l/min. Mass spectra were acquired in MS E mode over the m/z range of 50 -2000. The analysis of deuterium incorporation was performed by DynamX 3.0 (Waters Corp) followed by manual confirmation. Experiments were performed at least three times.
Small Angle X-ray Scattering-SAXS measurements were acquired using a monochromatic x-ray beam ( ϭ 1.488 Å) from the D01A-SAXS2 beamline at the Brazilian Synchroton Light Laboratory (LNLS, Brazil). C-Hsp90 (2 mg/ml), Tom70 (2 mg/ml), and C-Hsp90⅐Tom70 complex (3 mg/ml) samples were prepared in a buffer system composed of 20 mM Tris-HCl and 150 mM NaCl (pH 8.0). Prior to conducting the SAXS experiments, all samples were centrifuged for 15 min at 20,000 ϫ g and 4°C to remove any potential residual aggregates. The sample-to-detector distance was set as ϳ1000 mm, resulting in a scattering vector (q) range of 0.02 Å Ϫ1 Ͻ q Ͻ 0.35 Å Ϫ1 , where the q-vector magnitude is defined as q ϭ 4 sin/ in which 2 is the scattering angle. Samples were analyzed at 20°C and placed in 1-mm path length mica cells and the scattering profiles were recorded in 5 successive frames (30 s each) to monitor radiation damage. The buffer contribution in each SAXS profile was subtracted taking into account the attenuation and integrated of the sample using the FIT2D software (36) . The Kratky plot is an important tool in SAXS data analysis of proteins in solution. It yields some partial conclusions, without the assumption of any model or approximations (37, 38) . For compact proteins, the Kratky plot resembles a bell-like shape, whose peak position mainly depends on the scattering particle radius of gyration. Moreover, the Kratky plot can change it shape if the protein is under an unfolding process, or composed by several flexible regions. The radius of gyration (R g ) was determined using the Guinier approximation (39) and by the indirect Fourier transform methodology using the Gnom package (40) . Sample monodispersity was checked by means of the Guinier's law and all studied systems presented here were found to be monodisperse and no aggregation took place over the SAXS curves (data not shown). Gnom program was also used to generate the pair distance distribution function (p(r)) and the protein maximum dimension (D max ) from scattering profiles. Employing the p(r) function, DAMMIN software (41) was applied to obtain ab initio models for C-Hsp90, Tom70, and C-Hsp90⅐Tom70 complex (dummy atom model) by a simulated annealing optimization routine that yields a best fit to the experimental scattering data. Shapes were reconstructed by averaging a minimum of 10 different ab initio models using the DAMAVER package (42) . The experimentally derived low-resolution envelopes were superimposed on structures obtained by molecular modeling using the SUPCOMB software (20) .
